ABSTRACT Total dust samples produced by machining three commercial asbestos-cement products (autoclaved sheet, non-autoclaved sheet, pipe) were examined for their dimensional, surface, and physicochemical characteristics. Microscopic inspection of dust fractions with different settling characteristics in air allowed determination of the simple dimensional features that apply to respirable fibres-that is, the true diameter, length, and aspect ratio and the coil diameter, coil length, and coil aspect ratio. The respirable fraction as a percentage of the total dust varied with the type of machined product: 8 5 % for non-autoclaved sheet, 10 5 % for autoclaved sheet, and 35 % for pipe.
calculated that the threshold limit value of 2 fibres per cm3 of air corresponds to a total dust concentration of 1-2, 0-6, and 0 1 mg/m3 and to a maximum admissible respirable dust content of 0-1, 0-06, and 0-04 mg/m3 for non-autoclaved sheet, autoclaved sheet, and pipe respectively. The surface of optically virgin fibres may still be contaminated by calcium containing particles, as shown by analytical transmission and scanning electron microscope. Dust from the autoclaved product contains fewer calcium coated fibres. The physicochemical behaviour of dust, as shown by dissolution kinetics and adsorption of carcinogens from tobacco smoke, is comparable to the behaviour of cement rather than of pure asbestos. In general, asbestos cement dust differs consistently from pure asbestos. Conclusions, drawn from studies on pure asbestos, cannot be applied as such to asbestos cement dust.
At the beginning of this century asbestos fibres were identified as the causative agent in a specific type of lung fibrosis, later named asbestosis.1 2 Research carried out in the 1930s and supported by investigations made in the past 20 years also suggests a relation between inhalation of asbestos and two types of cancer-bronchial carcinoma and mesothelioma. [3] [4] [5] With respect to asbestosis a dose relationship has been established resulting in a threshold limit value (TLV) for asbestos dust concentration in air below which conditions are considered safe. The actual value imposed by the British Asbestos Regulations of 1969 corresponds to a concentration of 2 respirable fibres per cm3.6
About 60% of world production of asbestos goes into the asbestos cement industry, which therefore is much concerned about the health hazard. As asbestos cement is a product in which asbestos has intimate contact with cement, the question arises whether asbestos fibres from asbestos cement dust are as dangerous to health as pure asbestos fibres. In this context the industrial grade asbestos fibres used in asbestos cement are considered to be pure.7
No generally accepted view exists about which specific properties of the asbestos fibres should be considered dangerous. One requirement that can be imposed is respirability. At least this requirement must also be imposed on asbestos cement dust particles. Another potentially important factor in the health hazard of asbestos cement dust is the purity of its asbestos fibres.
The aim of the present study was to try to answer the question whether or not respirable asbestos 33 cement dust particles are physicochemically different from respirable pure asbestos dust.
Samples
Dust produced by machining the three most important Belgian commercial asbestos-cement products has been sampled in Eternit plants at Kapelle-opden-Bos and Tisselt. The three products chosen are different in composition or manufacturing process, or both: (1) sheet made of chrysotile and cement, not autoclaved (NA-sheet); (2) sheet made of chrysotile, cement, and quartz, autoclaved (A-sheet); and (3) pipe made of chrysotile, crocidolite, and cement, non-autoclaved (pipe).
In every case the total dust has been sampledthat is, the entire dust produced during a specific machining operation on a specific product. Consequently the dust sample has the same chemical composition as the product itself from which it was machined.
The NA-sheet and A-sheet dusts have been sampled from the bags of the dust collectors fitted to sawing machines. The pipe dust has been sampled from the cyclone of a dust collector fitted to a lathe. Representative samples of about 1 kg have been taken in each case and kept in well-closed plastic bags. Samples have also been taken from the base materials (asbestos and Portland cement P 300) used in the production of each particular product.
Respirability: definition and geometric features
The respirability of a dust particle is related to its aerodynamic diameter. The aerodynamic diameter of a particle is the equivalent diameter of a sphere of unit density having the same falling velocity in air as the particle in question. 8 13 It is now feasible to calculate the percentage respirable fraction of the total dust if the mathematical expression of the particle size distribution is known. For this purpose the particle size distribution of the three dust samples was experimentally determined. Two devices were used: the air jet mechanical sieve (Alpine, type A320 LS) and the Bahco air elutriator (Delta Neu). The first method gives the cumulative particle size distribution as a function of the nominal sieve aperture in the interval 32 to 250 ,um and the second technique the cumulative size distribution as a function of the aerodynamic diameter in the aerodynamic interval 7 to 70 ,um. As experimental conversion factors relating sieve results to elutriator results exist, the entire particle size distribution as a function of the aerodynamic diameter can be obtained. By fitting this experimental particle size distribution to common distributionsfor instance, the Gaudin-Schuhmann-distribution, the Rosin-Rammler-Sperling-Benett-distribution, or the logarithmic normal distribution-the mathematical expression of the particle size distribution has proved to be a logarithmic normal distribution, with the analytical expression14-'6: 
where q(dae) = fraction of particles with diameter smaller than dae s = standard deviation dae = aerodynamic diameter d5o = geometric mean aerodynamic diameter (median). The distribution is completely characterised by the values s and d5o. Table 1 gives the median value of the aerodynamic diameter and the standard deviation for the dust from each product. The correlation coefficient of Pearson is also given.
By combining the mathematical expression of the logarithmic normal distribution with the mathe- 
The numerical integration has been done over the aerodynamic diameter interval daeL = 0-1 ,um and dae, = 7 ,um. The calculated percentages of respirable dust are also given in table 1. The minimum of the total dust deposition curve in the respiratory system lies between 0 5 and 0.1 pLm'7 or at 0-5 iUM.18 The lower value was somewhat arbitrarily taken as the lower integration limit.
The next point is to determine the geometric features of the respirable asbestos fibres-that is, to correlate the aerodynamic diameter and the real fibre size. When this relation is known, simple light microscopy becomes a valuable technique to determine the concentration of respirable fibres in a dust sample. Indeed, by sampling a specific quantity of air through a filter and counting the number of respirable fibres, their concentration can be determined.
The first publications about the relation between real size and aerodynamic diameter are from Timbrell8 and Stober et al.19 Both these authors selected fibres that were straight cylinders and free from adhering particles, but even pure industrial asbestos contains only a small percentage of such ideal fibres.
To overcome these limitations, respirable pure asbestos fibres, both of chrysotile and crocidolite, were geometrically characterised by transmission electron microscopy (Philips EM 300 microscope).
Asbestos fibres with an aerodynamic diameter smaller than 7 ,um were collected on electronmicroscope grids placed in an air sedimentation column that had been designed for this purpose ( fig  1) . The electron-microscope grids were first covered with a thin Formvar film.
The column used was similar to that of the micromerograph.20 It was well insulated and installed in a room subjected to only small temperature changes. Although the sedimentation itself was possibly perturbed by small convection currents, the deposits obtained appeared well distributed over a large area. Loose overlap of particles could usually be distinguished in the microscope after carbon shadowing of the sample. The results were reproducible. including attached particles true length 1: the length of a fibre after straightening coil length lc: the length of a fibre as it appears aspect ratio r: the true length to true diameter ratio coil aspect ratio rc: the coil length to coil diameter ratio. A dust particle was considered to be a fibre when its aspect ratio was larger than 3. As the above concept of true diameter is not easy to handle, it has been specified as follows: the true diameter is the diameter of a fibre, excluding attached particles, but supposing that it is compressed in the transverse direction so as to bring the fibres of a given bundle close to one another.
Each of the above geometrical measurements followed the logarithmic normal distribution law. No significant difference was found between true length and coil length but significant differences were found between true diameter and coil diameter. Quantitative x-ray diffractometry showed that when an asbestos cement dust is divided in granulometric fractions, the lower the chrysotile and the crocidolite contents of a dust fraction the smaller the size of the dust in the fraction. This is clearly shown by fig 2. The study also showed a demixing of the cement components over the different granulometric fractions. It is an important fact that the composition of the dust changes with the distance from its dust source.
X-ray diffractometry allows identification ofcrystalline compounds but does not locate them. For this purpose analytical microscopes can be used.
Electron-microscopic techniques allow the investigation of the optical and analytical features of individual dust particles. A scanning electron microscope (SEM) equipped with an energy dispersive x-ray spectrometer was used. Different modes of operation are possible. For the present study the Specimens have been prepared by dispersing either asbestos or asbestos cement in n-hexane and / collecting on a membrane filter with 0-2 ,um pore size. Subsequently the dispersion was coated with a thin carbon layer.
The x-ray spectra obtained with the SEM operating in the spot analysis mode often showed a calcium peak at the given magnification for apparently pure asbestos fibres from asbestos cement dust. On the contrary the presence of calcium has never been detected on pure asbestos fibres. Two examples of x-ray spectra are shown in figs 3 and 4. To make sure that the detected calcium peak originated from the fibre or its surface and not from neighbouring cement particles, x-ray images were taken (figs 5-7). the nature of the calcium containing coating-that is, to find out whether it is a silicate or a non-silicate. Table 5 gives the PHR values both for pure asbestos fibres and for fibres found in the asbestos cement products.
The most important factors that affect the peak height ratio of an asbestos fibre are: absorption, Bueten, Helsen, and Deruyttere secondary fluorescence, and relative element concentration. The atomic number correction has been neglected because the mean atomic number varies only between 10 and 16. The effect of fluorescence has been calculated by the method of Wittry and that of absorption by the method of Philibert (both methods described in Colby25). By substitution it becomes feasible to derive an expression for the relation between the PHR of pure asbestos and the PHR of asbestos from asbestos cement dust.
By supposing different hypothetical calcium containing coatings on the pure asbestos fibres it was determined how the PHR of table 5 for asbestos from asbestos cement dust could be reached. It was always assumed that the hypothetical coating corresponds with 20% of the excited volume-the volume from which fluorescence information is obtained. The calculation showed that silicon containing calcium compounds form the major part of the coating.
It is impossible, however, to conclude from the SEM study whether the asbestos fibres are coated with a continuous calcium containing layer or with discrete particles. Indeed, when the particles are separated from each other by a distance less than 3-4 p,m, they will not be distinguished as individual particles but appear to belong to a continuous layer. This question has been further investigated by analytical transmission electron microscopy and by electron diffraction, using a Philips EM 300 microscope equipped with an x-ray energy dispersive spectrometer. A higher magnification is then possible in comparison to the SEM. Moreover, the analytical information is exclusively produced by the sample area covered by the incident electron beam. The beam section is shown by the circles drawn on the photograph in fig 8 (encircled contamination spots) . The specimens have been prepared by air sedimentation. Figure 8 shows the spectra of areas 1 and 2 of a fibre. For area 1 there is no calcium peak and no apparent protuberance, whereas for area 2, a small calcium peak appears in the x-ray spectrum, corresponding to the small attached particles (about 0-1 ,um in size). The same observations have been made on many fibres. The electron beam diameter was about 0-6 ,m. The conclusion is that the x-ray calcium pictures of asbestos fibres in asbestos cement The degree of coverage of the fibres by cement particles affects the dissolution rate of the fibres.
Asbestos cement particles behave much like cement particles in so far as the adsorption of two carcinogens of different polarity from tobacco smoke is concerned.
Whether asbestos cement dust is as hazardous to health as pure asbestos dust cannot be concluded from the present study. It would, however, be unjustified to apply automatically to asbestos cement every conclusion which is arrived at for pure asbestos.
